A waste-derived adsorbent was prepared from waste carbon, which was obtained from the production process of monosodium glutamate, by microwave heating under ultrasonic spray conditions for removing methylene blue (MB) from wastewater. The preparation process was performed at 840 C for 17 min with an ultrasonic spray rate of 2 mL min À1 produced by ultrasonic spray equipment. Ultrasonic spray was successfully used for the preparation of an adsorbent from waste carbon for the first time. An adsorbent was also prepared under a steam atmosphere. The MB adsorption number of the adsorbent prepared under ultrasonic spray conditions increased by 15.27% in comparison to that prepared under a steam atmosphere under similar experimental conditions. The exhaust gases that were obtained during the preparation process of the adsorbent had a certain heating value, as the major components were carbon monoxide and hydrogen. The exhaust gases have promising utility as a heat source, which would significantly alter the commercial manufacturing process. The physicochemical properties of the adsorbent were investigated via N 2 adsorption, TG/DTG, SEM, FTIR, XPS and zeta potential measurements. Analyses of the adsorption mechanism prove that C]O bonds in the adsorbent play an important role in the adsorption process of MB, as proved by zeta potential measurements and XPS analysis. The above-mentioned analyses show that an adsorbent with good MB adsorption performance can be prepared from waste carbon under ultrasonic spray preparation conditions and fuel gas can be obtained at the same time, which achieves the comprehensive utilization of waste resources.
Introduction
Dyes are coloring agents used by a variety of industries, including the textile, plastics, and paper and pulp industries, among others, to colorize their nal products. A total of 30% of the world production of dyes may be lost during the dyeing process, and most dyes are toxic. 1 The uncontrolled release of dye residues as industrial wastewater into water streams has led to a number of negative impacts, including a decrease in light penetration and carcinogenic and mutagenic changes to organisms.
2 Dye wastewater can also cause allergy, dermatitis, and skin irritation and induce cancer and mutations in humans. 3, 4 Therefore, high contents of dyes in wastewater must be treated before discharge into the environment so as to minimize the threat to the environment and potential hazards. 4 However, dyes are very difficult to biodegrade and remove from dye wastewater owing to their high solubility in water and complex aromatic molecular structures. 5 The provision of an effective method for controlling and treating dye wastewater has become urgent.
Many methods are used for the treatment of dye wastewater, including reverse osmosis, 6 chemical oxidation, 7 membrane ltration, 8 ozonation, 9 and biosorption. 10 However, these methods are generally less effective in the treatment of dye wastewater or incur higher costs in the operating process. Among these methods, adsorption has attracted our attention owing to its many advantages such as higher efficiency, environment-friendliness and lower cost. 11 The choice of an appropriate precursor plays an important role in the preparation of an adsorbent. In order to make adsorption an economical and environmentally friendly technology for wastewater treatment, an adsorbent is usually prepared from a variety of sustainable and cheaper precursors such as waste rubber tires, 12 waste pulp solution, 13 and waste plastics.
14 Activated carbon is currently used in the monosodium glutamate industry in decolorization processes during rening. These processes generally produce large amounts of waste carbon with a low residual adsorption capacity. This waste carbon is not only a drain on resources, but can also cause harm to the environment. Therefore, processes that can use the waste carbon to prepare an adsorbent employed in processes for the treatment of dye wastewater would prove benecial and achieve the comprehensive utilization of waste resources.
Currently, a variety of techniques for using waste carbon to prepare an adsorbent have been evaluated, including thermal, 15 chemical, 16 biological, 17 and wet air oxidation, 18 electrochemical processes, 19 and ultrasonic 20 and microwave heating. 21, 22 One of the most widely used methods is thermal treatment. However, electrical furnace heating has several disadvantages such as a uniform temperature distribution, high energy consumption and a slow rise in temperature. 23, 24 Recently, the issues involved in thermal treatment were addressed via a novel microwave heating process. Microwave heating has attracted attention as a promising method for treating waste carbon for the preparation of an adsorbent owing to its capability for molecular-level heating, rapid thermal reactions, precise temperature control, energy savings, selective heating, and lack of direct contact between the heating source and the materials. 25, 26 Steam, carbon dioxide and inert gases are generally used as activating agents to assist in the preparation of adsorbents from waste carbon, of which steam is the most widely used. Recently, ultrasonic spray techniques have been widely used in the synthesis process of various nanostructured materials with numerous advantages such as cost-effectiveness and a simple experimental setup. [27] [28] [29] To date, a limited number of studies have employed ultrasonic spray as an activating agent to assist in the preparation of adsorbents from waste carbon. Unlike high-temperature steam, ultrasonic spray is produced at room temperature by ultrasonic spray equipment and can therefore reduce energy consumption. Furthermore, the adsorption performance of adsorbents prepared by ultrasonic spray is better than that of adsorbents prepared using steam.
However, there is a relative lack of research in the literature about the preparation of adsorbents from waste carbon combining the advantages of ultrasonic spray and microwave heating. In this work, waste carbon obtained from the production process of monosodium glutamate was used to prepare an adsorbent by microwave heating under ultrasonic spray conditions. For comparison with the adsorption performance of the adsorbent prepared under ultrasonic spray conditions, another adsorbent was prepared under a steam atmosphere under the same experimental conditions. During the preparation process, exhaust gases were inevitably produced via a series of chemical reactions and were collected for utilization owing to the resource utility of hydrogen and carbon monoxide. MB is a typical dye and was used to assess the mobility of organic dyes in dye wastewater treated with the waste-derived adsorbent. In addition, the equilibrium, kinetics, and thermodynamics of the adsorption process were studied in detail. Thermodynamic parameters such as E a , DS, DH, and DG were calculated to predict the adsorption behavior.
Experimental

Materials and methods
The detailed parameters of the waste carbon were as follows: an MB adsorption number of 39 AE 3 mg g À1 , a BET surface area of 318.2 m 2 g
À1
, and an electromagnetic constant of 1.241. The proximate analysis of the waste carbon is presented as follows: xed carbon 73.9%, ash 3.61% and volatile matter 22.49%. The chemical composition of the waste carbon is represented in content percentages as follows: N 1.633%, C 33.74%, H 3.547% and other elements 61.08%. The waste carbon from the production process of monosodium glutamate was washed with deionized water. Aer being dried, the waste carbon was placed in a microwave furnace under an N 2 atmosphere. When the temperature reached 840 AE 5 C, the N 2 ow was shut off and an ultrasonic spray at a rate of 2 AE 0.1 mL min À1 produced by ultrasonic spray equipment was applied for 17 min. When the holding time of 17 min was completed, the ultrasonic spray equipment was shut off and the N 2 ow was restored. Aer being cooled to ambient temperature, the sample was taken out of the microwave furnace and stored for further characterization and adsorption experiments.
Characterization
N 2 adsorption experiments on the waste carbon and adsorbent were conducted at 77 K using an automatic adsorption apparatus (Autosorb-1-C, USA) at a relative pressure (P/P 0 ) ranging from 10 À7 to 1. The total pore volume was estimated as the equivalent liquid volume of the adsorbate (N 2 ) at a relative pressure of 0.99. The BET surface area of the samples was calculated by the Brunauer-Emmett-Teller (BET) equation. The pore size distribution was analyzed using the non-local density functional theory (NLDFT). The t-plot method was employed to calculate the micropore volume. The MB adsorption numbers of the waste carbon and adsorbent were calculated using the Standard Testing Methods of PR China (GB/T12496. . In order to observe the thermal decomposition behavior of the waste carbon, TG-DTG was carried out with a thermogravimetric analyzer (TherMax 500) in relation to temperature and time (heating rate: 10 C min À1 , temperature range: 20-1000 C, nitrogen atmosphere). Scanning electron microscopy (SEM, Philips XL30ESEM-TMP) analysis was used to assess the surface morphology of samples. Fourier transform infrared spectroscopy (FTIR, Nicolet iS10, USA) was used to qualitatively determine the chemical functional groups present in the waste carbon and adsorbent. X-ray photoelectron spectroscopy (XPS) was performed with a PHI 5500 electron spectrometer (Physical Electronics, Inc., Chanhassen, MN, USA) using 200 W Mg radiation. Zeta potential measurements were conducted using a ZetaPALS (zeta potential analyzer using phase analysis light scattering, Brookhaven Instruments Corp., USA) with a voltage of 110-240 V and a frequency of 50-60 Hz.
Adsorption isotherms
MB was used as an adsorbate to assess the adsorption potential of the adsorbent prepared under ultrasonic spray conditions. Batch adsorption experiments were conducted in a series of 250 mL volumetric asks. Samples of 0.1 AE 0.001 g adsorbent and 100 AE 1 mL MB solution of varying concentrations (100-300 mg L
À1
) were put into volumetric asks. The volumetric asks were shaken with a gas bath thermostatic oscillator at a shaking speed of 300 AE 5 rpm until equilibrium was reached at three different temperatures (30, 40 and 50 C) . Aer equilibrium was reached, the residual MB concentration was calculated using a UV-vis spectrophotometer at 668 nm. 21 The dose of MB adsorbed on the adsorbent, denoted as q e (mg g À1 ), was calculated using the following expression:
where C 0 (mg L À1 ) is the initial concentration of the MB solution
and C e (mg L À1 ) is the equilibrium concentration of the MB solution. V and M are the volume of the solution (L) and the weight of the adsorbent (g), respectively. Three isotherm models were applied to t the adsorption data, namely, Langmuir, Freundlich and Temkin. 21 The three isotherm models and their parameters are presented in Table 1 .
Adsorption kinetics
Adsorption kinetics studies were also carried out in volumetric asks by similar methods to those described for adsorption isotherms. Samples were taken at preset time intervals and centrifuged at 300 rpm for 5 min. The supernatant uid was used to calculate the residual concentration of MB via UV-vis spectroscopy. The amount of MB adsorbed at time t, denoted as q t (mg g À1 ), was calculated by:
where C t (mg L À1 ) is the concentration of the liquid-phase MB solution at time t (min). The pseudo-rst-order model, pseudosecond-order model, and intraparticle diffusion model were employed to analyze the kinetics data. 22 The model equations and their parameters are listed in Table 2 .
Results and discussion
Thermal regeneration processes
Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves obtained for the waste carbon are shown in Fig. 1 . The TG/DTG curves for the waste carbon suggest that three stages of weight loss occurred in the thermal decomposition process. The rst stage can be associated with desorption of physically adsorbed water, free water and combined water in the range from 25 to around 200 C,
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whereas the maximum rate of weight loss (27.5%) took place in the second stage in the range from 200 to around 400 C as a result of desorption of physisorbed compounds. 31 The physisorbed compounds adsorbed by the waste carbon comprised glutamic acid and pigments. The third stage took place above 400 C with no signicant weight loss. This stage of mass loss was due to removal of the chemisorbed fraction as a result of cracking of the products formed by specic interactions between the surface groups of the carbon and the adsorbate, and breaking up of surface groups on the sample occurred simultaneously. 32 
Pore structure and surface area analysis
An adsorbent was also prepared under steam in order to compare its adsorption performance with that of an adsorbent prepared under ultrasonic spray conditions under identical conditions. Nitrogen adsorption isotherms of the waste carbon and adsorbents prepared under the two preparation conditions are shown in Fig. 2A (the term adsorbent-ultrasonic spray means that the adsorbent was prepared under ultrasonic spray conditions). The adsorption isotherm of adsorbent-ultrasonic spray was found to be higher than that of the adsorbent prepared under steam conditions, which indicates that there was a higher number of pores in adsorbent-ultrasonic spray.
The pore size distribution is a vital indicator of an adsorbent that determines the fraction of the total pore volume that is accessible to molecules of a given size and shape. 32 The average pore size of adsorbent-ultrasonic spray is 4.13 nm, which indicates that adsorbent-ultrasonic spray is mesoporous because most of the pores and the sharpest peak in the pore distribution are in the range from 10 to 60Å (Fig. 2B) . When adsorbent pore diameter is at least 1.7 times than that of the 186 adsorbate, adsorption can occur.
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Adsorbent-ultrasonic spray (4.13 nm) can easily adsorb MB molecule due to MB molecular size of 0.8 nm.
The pore structure parameters of the waste carbon and adsorbents prepared under the two different preparation conditions are shown in Table 3 . The results demonstrate that the total pore volume, BET surface area, and micropore volume of the two adsorbents were signicantly increased by microwave heating under the different preparation conditions, and the ultrasonic spray conditions gave rise to higher values. These results suggest that the pore structure of the adsorbents was more fully developed under ultrasonic spray conditions than under steam preparation conditions, which proves that the microwave-assisted ultrasonic spray preparation of an adsorbent from waste carbon is feasible. Table 1 Adsorption isotherm models adopted in this work and their parameters
Isotherm Equation Parameters
Langmuir isotherm
is the adsorption constant related to the adsorption capacity
) is the adsorption constant related to the energy of adsorption Freundlich isotherm lnðq e Þ ¼ lnðk F Þ þ 1 n lnðC e Þ k F is the adsorption constant related to the adsorption capacity (mg g À1 ) (L mg À1 )
1/n n is the adsorption constant corresponding to the adsorption intensity Temkin isotherm q e ¼ A + B ln(C e ) A and B are constants
SEM analysis
The microstructures of the waste carbon and adsorbents prepared under the two different preparation conditions are shown in Fig. 3 . The microstructure of the waste carbon as observed by SEM is shown in Fig. 3A , whereas the microstructures of the adsorbents prepared under steam and ultrasonic spray preparation conditions are shown in Fig. 3B and C, respectively. The surface of the waste carbon was covered by impurities and the pore structure could not be clearly visualized (Fig. 3A) . As shown in Fig. 3B , there were still some impurities on the surface of the adsorbent. The impurities on the surface of the adsorbent were removed and a clear pore structure is visible in Fig. 3C , which suggests that the adsorbent has a large surface area and pore volume.
FTIR analysis
FTIR spectra recorded for samples of the waste carbon and adsorbent-ultrasonic spray are shown in Fig. 4 . As shown in Fig. 4 , there are minimal differences in the general spectral shape between the waste carbon and adsorbent-ultrasonic spray. The characteristic absorption peaks of the waste carbon and adsorbent-ultrasonic spray at 3417 and 3431 cm À1 can be assigned to the O-H stretching vibration mode of hydroxyl functional groups. 34 The bands observed at 2922 and 2924 cm
À1
suggest the presence of C-H stretching vibrations. 35 The band due to C]O stretching vibrations is in the region of 1618 cm À1 . 36 The band at 1119 cm À1 (C-OH vibrations) suggests the presence of many oxygen-containing functional groups. Some weak bands are also visible in the range of 600-900 cm À1 and are likely to be associated with the out-of-plane bending mode of C-H or O-H groups. 37 On comparing the FTIR spectrum of the waste carbon with that of adsorbent-ultrasonic spray, there are several differences in the bands, such as that between 3417 and 3431 cm À1 . These differences may be attributed to the decomposition of organic material in the waste carbon, which resulted in a change in peak value. The weak bands in the range of 600-900 cm À1 for adsorbent-ultrasonic spray disappeared, which suggests that hydrogen was removed during the Table 2 Adsorption kinetics models adopted in this work and their parameters
Kinetics model Equation Parameters
Pseudo-rst-order ln(q e À q t ) ¼ ln q e À k 1 t q e is the uptake of methylene blue at equilibrium (mg g À1 )
) is the adsorption rate constant Pseudo-second-order
) is the rate constant of the second-order equation
) is the intraparticle diffusion rate constant C is a constant microwave heating process. 38 This result is consistent with that of the elemental analysis (in comparison with the H content of spent activated carbon of 3.547%, the H content of adsorbentultrasonic spray is 1.586%).
XPS analyses
The XPS technique was employed to determine the composition and surface groups of the waste carbon and adsorbentultrasonic spray. Deconvolution of the C 1s signals enabled the identication of the chemical states and environment of the carbon atoms (Fig. 5A for waste carbon and Fig. 5B for adsorbent-ultrasonic spray). As shown in Fig. 5A and B, the primary element is C, with variable peak intensities at the binding energy of this element of 284.6 eV (C 1s), 39 which can be deconvolved into the peaks of three surface groups at 284.8 (C-C), 285.7 (C-OH) and 289.7 eV (C]O). When compared with Fig. 5A and B, the contents of C-O and C]O in activated carbon increased from 27.68% to 30.63% and from 3.80% to 16.19%, respectively. Both these surface groups contributed to the adsorption of MB, which indicates that the method of microwave-assisted ultrasonic spray preparation of an adsorbent is feasible.
Zeta potential measurements
Adsorbents are usually considered to be amphoteric solids owing to the presence of a variety of surface functional groups. Table 3 Pore structure parameters of waste carbon and adsorbents prepared in two different preparation conditions Therefore, the isoelectric point (IEP) of adsorbent-ultrasonic spray can be determined by measuring the pH value at which the zeta potential is zero. The IEP is used to qualitatively assess the polarity of the surface charge of an adsorbent. 41 At a pH of less than the IEP, an adsorbent has a positive surface charge and can act as an anion exchanger, whereas at a pH of greater than the IEP the surface charge of an adsorbent is negative, which is benecial for the adsorption of cations. 42 The IEP values of adsorbent-ultrasonic spray at different pH values are presented in Fig. 6 . The IEP of adsorbent-ultrasonic spray was found to be 7.2 (Fig. 6) . The pH value of adsorbent-ultrasonic spray during the course of the adsorption experiment was about 6-7. Therefore, adsorbent-ultrasonic spray had a negative surface charge and would adsorb MB by electrostatic attraction because MB is a cationic dye.
Recycling of exhaust gases
Research into the gaseous by-products generated during the preparation process of adsorbents is seldom reported in the literature. Owing to their importance, the gases generated during the preparation process were collected. The gas composition of the exhaust gases is represented in relative content percentages as follows: CO 48.99%, H 2 39.62%, CO 2 7.85%, CH 4 3.29%, C 2 H 4 0.1%, C 2 H 2 0.15%. The contents of CO and H 2 were higher than the contents of other gases. Therefore, the exhaust gases can be used as a gaseous fuel. Analyses of the gaseous products showed that they were mainly composed of CO, H 2 , CO 2 , and CH 4 , and CO and H 2 were the main components. The high proportions of CO and H 2 can be attributed to the set of gasication reactions shown below.
Reaction (3) was the main reaction that contributed to the gas rich in CO and H 2 . The reactions are endothermic and thus require high energy inputs to promote the reaction. The heating values of the exhaust gases were determined on the basis of the composition of the gases, in particular, CO and H 2 . These gases could be collected for use as a gaseous fuel. In addition, the mixture of CO and H 2 commonly known as syngas could be utilized for conversion into a variety of other useful fuels and chemicals via subsequent chemical conversions.
Adsorption isotherm studies
The adsorption isotherms were employed to analyze the adsorption mechanisms and determine how adsorbate molecules were distributed on the adsorbent. In this work, the results of tting to the three isotherm equations are presented in Table 4 . As Table 4 shows, the R 2 value for the Langmuir isotherm was larger than those for the other two isotherms, which indicates that the Langmuir isotherm provided the best t to the experimental data, whereas the Freundlich and Temkin isotherms did not closely match the experimental data. The ndings also show that MB on the surface of adsorbentultrasonic spray tended to exhibit monolayer adsorption. The amount of MB that was adsorbed increased with an increase in temperature, which suggests that the adsorption process was endothermic in nature (Table 4) . A similar trend was reported by Theydan and Ahmed 43 for the adsorption of MB on biomassbased activated carbon. This can be explained by the fact that the surface activity and kinetic energy gradually increased with an increase in temperature, which led to the interaction forces between the solute and adsorbent becoming stronger than those between the solute and solvent. 43 The maximum monolayer adsorption capacities of various adsorbents for MB are listed in Table 5 . The Q 0 value of adsorbent-ultrasonic spray is the largest of those reported, [44] [45] [46] [47] [48] which suggests that adsorbentultrasonic spray has great potential for applications in the removal of MB. Thus, it is noteworthy that considerable changes in the surface properties were achieved, which should be attributed to the distinct mechanism of microwave heating.
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Langmuir isotherms for the adsorption of MB onto adsorbentultrasonic spray at different temperatures are shown in Fig. 7A . Fig. 7B and C show photographs of MB solution Fig. 7B and the solution treated using adsorbent-ultrasonic spray Fig. 7C . As Fig. 7C shows, MB dye almost completely disappeared owing to remarkable adsorption by adsorbentultrasonic spray. The result shows that adsorbent-ultrasonic spray is an effective adsorbent for adsorbing MB.
Adsorption kinetics studies
Adsorption kinetics studies can provide important parameters of the adsorption process in the treatment of aqueous effluents. In order to study the mechanism of the adsorption of MB, pseudo-rst-order and pseudo-second-order models were employed to examine the adsorption process, whereas the diffusion mechanisms were examined using the intraparticle diffusion model. The model parameters were calculated using the three models listed in Table 6 . The accurateness between the experimental values and the results calculated using the models was evaluated in terms of the value of R 2 (correlation coefficient). A relatively high R 2 value indicates that the model is more applicable for describing the adsorption of MB onto the adsorbent. As shown in Table 6 , the pseudo-second-order kinetic model has the highest R 2 value among the three models. Besides, the values of q e,cal that were calculated via the pseudo-second-order model exhibited a slight deviation from the experimental values (q e,exp ). In other words, the pseudosecond-order model can be employed to describe the adsorption process. The results are also in agreement with other studies about the adsorption of MB by activated carbon based on durian shell and jackfruit peel 25 and Siris seed pods. 50 Fits of the pseudo-second-order model to the experimental data at 298 K at different initial concentrations are shown in Fig. 8A . The k 2 values of the pseudo-second-order model gradually decreased with an increase in the MB concentration. The cause of this phenomenon can be explained by the fact that competition for sorption surface sites increased with an increase in the MB concentration, which resulted in higher sorption rates.
The adsorption of MB onto the adsorbent is governed by either the liquid-phase mass transport rate or the intraparticle mass transport rate. 49 The R 2 values (Table 6) for this model were lower in comparison to those obtained from the pseudosecond-order and pseudo-rst-order models. In a plot of q t versus t 1/2 (Fig. 8B) , the rst, sharper portion represents instantaneous adsorption or adsorption on the external surface. The second portion corresponds to the stage of gradual adsorption where intraparticle diffusion is the rate-limiting process. In some cases a third portion exists, which represents the nal equilibrium stage where intraparticle diffusion started to slow down owing to the extremely low adsorbate concentrations that remained in the solutions. As shown in Fig. 8B , the plot did not pass through the origin, and this deviation from the origin or near-saturation might be due to the difference in mass transfer rate in the initial and nal stages of adsorption. From these results, it can be concluded that intraparticle diffusion is not the dominant mechanism in the adsorption of MB from aqueous solution. In other words, the results also prove that intraparticle diffusion is not the only rate-limiting step in the MB adsorption process.
Adsorption thermodynamics studies
The activation energy E a (J mol À1 ) for the adsorption of MB onto the adsorbent is calculated via the Arrhenius equation:
where k 2 (g mg À1 min À1 ) and A are the average rate constant of the pseudo-second-order model and the Arrhenius factor, respectively. The k 2 values of the pseudo-second-order model at different temperatures and MB concentrations are shown in Table 7 . The values of E a and A were calculated from a plot of ln k 2 vs. 1/T (Fig. 9A) .
The value of E a obtained for the adsorption of MB by the adsorbent is 13.48 kJ mol À1 . In general, the activation energy ranges from 40 to 800 kJ mol À1 in chemical adsorption processes, whereas a value of 8-40 kJ mol À1 corresponds to a physical adsorption process. 51 According to the calculated results, the adsorption of MB onto adsorbent-ultrasonic spray is a physical adsorption process. The thermodynamic parameters, including the enthalpy DH, free energy DG and entropy DS can be calculated from the following equations:
The values of DH and DS were calculated from the slope and intercept of eqn (9), respectively (Fig. 9B) . The value of DG can be obtained from eqn (10) adsorption. These results also suggest that some structural changes occurred in the adsorbates and adsorbents. 10A shows the FTIR spectra of adsorbent-ultrasonic spray, MB and adsorbent-MB (aer the adsorption of MB), which were recorded to investigate the adsorption mechanism. As was discussed earlier, the characteristic peaks of adsorbentultrasonic spray in the band at 3431 cm À1 can be assigned to the O-H stretching vibration mode of hydroxyl functional groups. The band at 1618 cm À1 is ascribed to C]O groups, 54 whereas the band at 1119 cm À1 represents C-OH stretching vibrations of alcohol groups, phenolic aromatic rings and carboxylic groups. However, aer the adsorption of MB onto adsorbent-ultrasonic spray, the FTIR spectrum of adsorbentultrasonic spray underwent changes. It is worth noting that the band at 1618 cm À1 shied to 1616 cm À1 and the peak intensity was low, which suggests that C]O bonds played a vital role in the adsorption process of MB. Fig. 10B shows the XPS core-level spectrum of adsorbent-ultrasonic spray aer the adsorption of MB. Aer adsorption, the content of C]O groups in adsorbent-ultrasonic spray decreased from 16.19% to 8.39% and the content of C-O groups hardly changed, which is in good agreement with the above analysis (compare Fig. 5B and 10B ). As we known, MB is a cationic dye. The surface of AC-ultrasonic spray is negatively electrically charged owing to C]O groups. A similar observation of the electrostatic attraction between some cationic dyes and magnetically modied multi-walled carbon nanotubes has been reported by Madrakian et al. 55 Hence, the electrostatic attraction between MB and adsorbent-ultrasonic spray contributed to the adsorption of MB. In addition, physical properties (surface area and pore structure) also contributed to the adsorption of MB as well as chemical properties (surface functional groups). The BET surface area and pore volume of adsorbent-ultrasonic spray are 1312 m 2 g À1 and 1.34 mL g À1 , respectively, which make adsorbent-ultrasonic spray contact and adsorb MB efficiently. Electrostatic attraction and pore structure both contributed to the adsorption of MB onto adsorbent-ultrasonic spray.
Conclusions
Waste carbon obtained by decolorization in the production process of monosodium glutamate was used to prepare an adsorbent by microwave heating under an ultrasonic spray atmosphere. The adsorbent displayed a well-developed pore structure. An adsorbent was also prepared by steam treatment under the same conditions as were used for ultrasonic spray treatment. The exhaust gases that were obtained during the preparation process of the adsorbent had a certain heating value, as the major components were hydrogen and carbon monoxide. The exhaust gases have promising utility as a heat source, which would signicantly alter the commercial manufacturing process and achieve the comprehensive utilization of waste resources. Adsorption isotherms, adsorption kinetics, and adsorption thermodynamics were also studied. Analyses of the adsorption mechanism prove that C]O bonds played an important role in the adsorption process of MB. The equilibrium data were well described by the Langmuir model of adsorption for MB with a high adsorption capacity. The kinetic data were accurately represented by a pseudo-second-order kinetic model. Thermodynamics studies revealed that the adsorption process occurred spontaneously and was endothermic. The results of analyses show that the ultrasonic spray technique is an effective method for preparing adsorbents that display good performance in the removal of MB.
